Spermatogonial stem cells (SSCs) provide the foundation for spermatogenesis. Earlier studies have shown that the transplantation of SSCs restores fertility to infertile recipients. However, most of the previously described experiments have depended on transplantation using sexually immature animals, and the effectiveness of spermatogonial transplantation in mature animals has not been examined in detail. In this study, we evaluated the efficiency of offspring production by adult recipients of spermatogonial transplantation using germline stem (GS) cells, cultured spermatogonia with enriched SSC activity. GS cells were transplanted into mature WBB6F1-W/W v (W) or busulfan-treated mice, which were then mated with female mice to obtain offspring from donor cells. We found that GS cells produced offspring most efficiently by transplantation into busulfan (44 mg/kg)-treated mice and all recipients produced progeny within 4 mo (76-111 days) after transplantation. When the dose dependence of offspring production was examined in W mice, approximately 40-80 SSCs were estimated to be required for fertility restoration. Efficient offspring production using GS cells and spermatogonial transplantation will be useful for analyzing factors involved in male fertility.
INTRODUCTION
Spermatogonial stem cells (SSCs) have the unique ability to undergo self-renewal division and maintain spermatogenesis for the life span of male animals. Despite their biological importance, these cells have not been well-characterized due to their small population size and lack of specific markers. It is believed that a small population of A-single undifferentiated spermatogonia has self-renewal activity and acts as SSCs [1, 2] . The ability of SSCs to regenerate spermatogenesis is evident because animals that are treated with chemicals or radiation can regenerate spermatogenesis and regain fertility [3, 4] . SSCs are thought to increase the frequency of self-renewal division during the early phase of regeneration and compensate for population loss due to tissue damage [5] . However, the relationship between SSCs and fertility restoration has not been examined in detail. Previous pioneering studies showed that fertility returns when sperm production reaches about 10% of control levels after chemical treatment, and an inverse correlation between the length of the sterile period and SSC survival has been demonstrated [4, 6] . While these studies have provided valuable information regarding spermatogonial survival and fertility, SSCs are defined by their self-renewal activity, and functional assessment needs to be performed with regard to their function. In addition, chemical or radiation treatments used in such studies are also harmful to the SSC microenvironment, which hampers the analysis of SSCs in fertility restoration.
In 1994, spermatogonial transplantation was developed, which revolutionized SSC studies [7] . Donor SSCs produced germ cell colonies in the testes of infertile recipient mice, which eventually produced offspring by mating with wild-type (WT) females [8] . This technique not only provided the first functional assay for SSCs but also demonstrated the usefulness of spermatogonial transplantation in evaluating the contribution of SSCs to fertility restoration. However, little is known about the factors affecting the efficiency of fertility restoration by spermatogonial transplantation. This is mostly due to its low success rate of germline transmission. For example, in an initial attempt to produce offspring, only one offspring was obtained by transplantation into 122 busulfan-treated animals [8] . In later studies, offspring were produced more efficiently using Kit mutant mice that lack endogenous spermatogenesis [9] . However, successful offspring production relied on the enrichment of SSCs in the donor cell population and took more than 5 mo. The most dramatic improvement was brought about using immature Kit mutant pups [10] . In these recipients, colony number increased by 5-to 10-fold and donor germ cell colonies were significantly longer than those in adult recipients. Offspring were born as early as approximately 3 mo posttransplantation, which was comparable to that in WT mice. Efficient offspring production using sexually immature recipients was also confirmed in rats using busulfan or a genetically infertile mutant [11, 12] . Owing to the superiority of immature recipients, adult recipients have not been commonly used to produce offspring by spermatogonial transplantation, although the transplantation procedure is well-established and is more accurately performed.
While the use of genetically infertile pup recipients has greatly improved the efficiency of fertility restoration, immature testes have a different phenotype from mature adult testes, both anatomically and physiologically. For example, Sertoli cells in immature recipients proliferate actively and lack tight junctions between Sertoli cells, which may increase the homing efficiency of SSCs. Differences in the endocrinological environment may promote the expansion of SSCs because longer donor germ cell colonies were observed in pup recipients [10] . Although it has remained unclear as to how these factors influence the fertility of recipient animals, there are several problems in using immature recipients. First, transplantation using immature animals is technically more difficult than using mature animals due to their small size. Moreover, recipient animals die more easily during anesthesia. Second, the technique offers a very narrow time window for transplantation (5-12 days postpartrum in mice). Finally, in cases of genetically infertile animals (such as Kit mutants), the chance of obtaining recipients is limited because only homozygous males are infertile. Thus, although spermatogonial transplantation has been used for more than two decades in spermatogonial research, much remains unknown about its utility in fertility restoration.
Besides host factors, donor cell preparation is another potential problem when assessing fertility. For example, it is necessary to obtain an enriched population of SSCs because the frequency of SSCs in testes is very low and only a small number of SSCs can be transplanted without selection. SSC enrichment has been achieved by producing cryptorchid animals or using immature pups for donor cells [10, 13, 14] . The testes of these animals are relatively enriched in SSCs because they lack most of the differentiating germ cells. However, generating cryptorchid donor animals is timeconsuming (at least 2 mo), and immature pups are subject to variations in SSC number and testis size due to their rapid growth. Thus, although pup recipients are useful for obtaining offspring, these problems in donor cell preparation also need to be resolved for successful offspring production and to understand the relationship between SSCs and fertility.
In 2003, a method for expanding SSCs in vitro was established [15] . These cells, designated germline stem (GS) cells, exhibit grapelike clusters in vitro and proliferate for more than 2 yr [16] . Upon introduction into seminiferous tubules, they reinitiate spermatogenesis and produce sperm. These cells can be genetically modified to produce knockout animals [17] and are potentially pluripotent [18] . Although the frequency of SSCs in GS cell cultures is relatively low (1%-2%), the ability to increase the number of SSCs in vitro allows for their detailed characterization, and many molecules involved in self-renewal and differentiation have been identified [16] . Establishment of an SSC culture system creates a unique opportunity to obtain large numbers of SSCs, which has not been possible using fresh testis cells.
In this study, we evaluated the efficiency of fertility restoration using GS cells and adult recipient animals. Because the SSC activity of GS cells is relatively stable and a large number of SSCs are readily available, we evaluated the utility of using adult recipients to obtain offspring from SSCs. We used WBB6F1-W/W v (W) and busulfan-treated mice for spermatogonial transplantation and evaluated the efficiency of offspring production by natural mating.
MATERIALS AND METHODS

Animals and Cell Culture
For colony counting experiments, we prepared donor cells from 6-wk-old mice of the transgenic line C57BL/6 Tg14 (act-EGFP)OsbY01 (designated green; a gift from Dr. M. Okabe, Osaka University). Testis cells were dissociated by a two-step enzymatic digestion procedure using type IV collagenase and trypsin (Sigma, St. Louis, MO), as described previously [19] . Cells were transplanted into 4-to 8-wk-old W mice (a Kit mutant strain) or WBB6F1 WT mice that had been treated with busulfan (44 mg/kg; Sigma). For fertility experiments, cryptorchid operation was carried out as described previously [13] . In some experiments, testis cells were collected from 5-to 10-day-old ROSA26 mice and used after freeze-thawing as described previously using Cell Banker (DIA-IATRON, Tokyo, Japan) [20] . For experiments using GS cells, homozygous green mice in a DBA/2 background were used. Cells were maintained on mouse embryonic fibroblasts that had been treated with mitomycin C (Sigma). These cells, which had been cultured for 75-162 days, were dissociated by trypsin digestion and transplanted into 4-to 8-wk-old W mice. We also transplanted GS cells into 4-wk-old C57BL/6 (B6) 3 DBA/2 F1 (BDF1) mice that had been treated with busulfan (22 or 44 mg/kg). In these experiments, the cells used for transplantation were cultured for 75-156 days. All busulfan-treated recipient mice were used at least 4 wk after the treatment.
Transplantation
Approximately 4 or 10 ll of a single-cell suspension were injected through the efferent duct into W or busulfan-treated mice, respectively [19] , because W mice have small testes. Each injection filled 75%-85% of all seminiferous tubules. W mice were treated with an anti-CD4 antibody (50-lg; Days 0, 2, and 4) to prevent the rejection of allogeneic donor cells [21] . Recipient mice were mated with three to four WT B6 female mice to check fertility. The Institutional Animal Care and Use Committee of Kyoto University approved all animal experiment protocols.
Analysis of Recipient Testes
To count colony numbers, W and busulfan-treated WBB6F1 WT mice were euthanized 2 mo posttransplantation. Donor cell colonies were counted under ultraviolet (UV) light, and cell clusters were defined as colonies when the entire basal surface of the tubule was occupied and was at least 0.1 mm in length. To evaluate testes in fertility experiments, recipient mice were euthanized 6 mo posttransplantation. Testes were bisected and fixed in 2% paraformaldehyde for 3 h. Half of the bisected testis sample was embedded in Tissue-Tek OCT compound (Sakura Finetek, Tokyo, Japan) and processed for cryosectioning, while the other half was embedded in paraffin. Epididymides of the recipient mice were fixed in 10% neutral-buffered formalin and embedded in paraffin.
For immunohistochemistry, samples were produced by treating testis samples with 0.1% Triton-X in phosphate-buffered saline (PBS). After immersion in blocking buffer (0.1% Tween 20, 3% bovine serum albumin, and 10% goat or donkey serum in PBS) overnight, samples were incubated with the indicated antibodies or rhodamine-conjugated peanut agglutinin (PNA) (RL-1072; Vector Laboratories, Burlingame, CA) at 48C for .1 h, followed by counterstaining with Hoechst 33342 (Sigma). Images were collected using a confocal microscope (Fluoview FV1000D; Olympus, Tokyo, Japan). The antibodies used are listed in Supplemental Table S1 (all Supplemental Data are available online at www.biolreprod.org).
To evaluate the donor cell colonization in W mice by histological analysis, two sections were made from each recipient testis and epididymis at 12-lm intervals. Each slide was viewed at 4003 magnification to count the number of tubules with spermatogenesis (testis) or sperm (epididymis). For analysis of testis, the total numbers of tubules and tubules demonstrating spermatogenesis (defined as tubules with multiple layers of germ cells along their entire circumference) were determined for one section from each testis. Images were obtained under an inverted microscope equipped with a charge-coupled device camera (DP70; Olympus, Tokyo, Japan) using Photoshop software (Adobe, San Jose, CA). All sections were counterstained with hematoxylin and eosin.
Statistical Analyses
Significant differences between means for single comparisons were determined by Student t-tests. Multiple comparison analyses were carried out using ANOVA followed by Tukey test.
RESULTS
Colonization Efficiency of SSCs in W and Busulfan-Treated Mice
In the first set of experiments, we examined the colonization efficiency of SSCs using congenitally infertile W mice and busulfan (44 mg/kg)-treated WT mice (untreated WBB6F1-W/ W v mutant versus busulfan-treated WBB6F1-þ/þ WT mice). Busulfan was administered to 4-wk-old mice, which were used at least 4 wk later. Testis cells from adult green mice were KANATSU-SHINOHARA ET AL. dissociated into a single-cell suspension and transplanted into recipient testes.
Two months after transplantation, the recipient mice were euthanized and the number of donor cell colonies counted under UV light (Fig. 1A) . The numbers of colonies generated were 0.25 6 0.03 and 0.33 6 0.04 per 10 5 transplanted cells in W and busulfan-treated mice, respectively (Fig. 1B) . Although the number was greater for busulfan-treated hosts, the difference was not statistically significant. Normal spermatogenesis was shown in recipient testes by immunohistochemistry (Fig. 1C) . These results suggest that W and busulfantreated mice allow the colonization of donor cells at similar levels.
Fertility of GS Cells after Transplantation into W Mice
Because W mice are thought to be superior to busulfantreated mice in offspring production efficiency [13] , we transplanted fresh cryptorchid testis cells or freeze-thawed pup testis cells into adult W mice to obtain offspring. Both types of donor cells are enriched for SSCs [10, 13] . Six recipients were used for each donor cells type, and each testis received 1.2 3 10 5 cells. Although these donors were previously used for fertility restoration experiments, none of the adult recipients sired offspring even after 4-7 mo of mating.
Based on the results of these preliminary experiments, we examined the ability of GS cells to restore fertility in the second set of experiments. We produced GS cells that were homozygous for the enhanced green fluorescence protein (Egfp) transgene, which makes it easier to detect donor-derived offspring because all would bear the Egfp gene and exhibit strong fluorescence under UV light. We transplanted GS cells at three different doses (4 3 10 3 , 4 3 10 4 , and 4 3 10 5 cells per testis). All recipients were treated with an anti-CD4 antibody to suppress the rejection of donor cells. Both testes of each recipient mouse were transplanted with donor cells to maximize colonization. Six weeks after transplantation, the recipient mice were mated with WT females and examined for offspring.
W mice produced donor-derived offspring as early as 90 days after spermatogonial transplantation (Table 1) . Of the three doses tested, offspring were obtained most efficiently from W mice that received 4 3 10 5 cells (W5). Three of the five recipients produced progeny, and all offspring showed donorderived fluorescence under UV light. In addition, one of the nine recipients that received 4 3 10 4 cells (W4) also produced offspring. These fertile recipients sired three to ten litters within 6 mo after transplantation. Comparable numbers of males and females were born to these recipients. None of the recipients that received 4 3 10 3 cells (W3) sired donor-derived offspring, suggesting that the donor cell dose had a significant impact on fertility restoration.
Recipient mice were euthanized 6 mo after transplantation. As expected from the fertility analysis, the testes of W5 mice were extensively colonized by donor cells and exhibited strong green fluorescence under UV light ( Fig. 2A) . Normal spermatogenesis was confirmed in recipient testes by histological analysis, and spermatozoa were found in the epididymides (Fig. 2B) . Although donor-cell-derived colonies were evident in the testes of W3 mice, fluorescence was clearly limited. In addition, testis weight was significantly greater in W5 mice (Fig. 2C) . The average weights in the W3, W4, and W5 recipients were 16.4 6 0.9, 21.2 6 2.9, and 44.3 6 1.9 mg, respectively. We also carried out immunohistochemistry of recipient testes to confirm the normal development of sperm (Fig. 2D) .
We next quantified the number of tubules with spermatogenesis by histological analysis. The proportions of tubules with spermatogenesis in W3, W4, and W5 testes increased in a dose-dependent manner (Fig. 2E) . When we compared fertile and infertile recipients, testes of fertile recipients were significantly heavier and exhibited more extensive colonization (Fig. 2, F and G) . However, we did not find significant differences in colonization levels between fertile and infertile W5 recipients. Fertile and infertile W5 testis contained spermatogenesis in 90.2% 6 4.8% (n ¼ 5) and 90.0% 6 5.2% (n ¼ 4) of their tubules, respectively, suggesting that the amount of sperm in the epididymis was lower in infertile recipients.
To examine the amount of sperm in epididymis, we made histological sections. Overall, the number of epididymal tubules containing spermatozoa increased in a dose-dependent manner (Fig. 2H) . However, fertile and infertile W5 recipients contained sperm in 73.2% 6 7.1% (n ¼ 4) and 76.3% 6 5.6% (n ¼ 4) of their epididymal tubules, which showed no statistical difference. Nevertheless, comparison between all fertile and infertile recipients revealed statistically significant increase in the number of epididymal tubules containing sperm in fertile recipients (Fig. 2I) . Thus, although the amount of sperm transported into epididymides appears to be critical in the successful production of offspring from transplanted cells, additional factors may also play a role in fertility restoration. Because we used GS cells that were homozygous for the Egfp transgene, all offspring showed EGFP fluorescence under UV light (Fig. 2J) .
Fertility of GS Cells after Transplantation into BusulfanTreated Mice
In the final set of experiments, we used busulfan-treated mice for fertility restoration. Because it has been suggested that residual endogenous spermatogenesis facilitates fertility after transplantation [22] , we produced busulfan-treated BDF1 mice using two doses of busulfan (22 and 44 mg/kg). The busulfantreated testes were significantly smaller 1 mo after treatment (Fig. 3A) . By 2 mo, however, the regeneration of spermatogenesis occurred in BDF1 mice that had been treated with 22 mg/kg busulfan (Bus22) (Fig. 3B) , but no apparent regeneration was found in those that received 44 mg/kg busulfan (Bus44). Consistent with these observations, histological analysis showed that spermatogenesis was only transiently suppressed in Bus22 mice (Fig. 3C) .
To check the effect of busulfan treatment on recipient microenvironment, we examined the expression of Sertoli or Leydig cell markers in Bus44 mice. Although busulfan treatment did not significantly influence WT1 expression (Fig. 4A) , SOX9, another Sertoli cell marker, was significantly downregulated in busulfan-treated testis (Fig. 4B) . However, we did not find MKI67 expression in Sertoli cells of both control and busulfan-treated testes (Fig. 4C) . MKI67 expression was found only in GENA-expressing germ cells of control testes (Fig. 4C, inset) . In addition, CLDN11 expression was also maintained normally in Bus44 mice (Fig. 4D) . PDGFRA, a marker of Leydig cells, also did not show apparent changes (Fig. 4E) . Thus, although the reduced SOX9 expression suggested impaired Sertoli cell function and potential infertility [23] , the overall phenotype of Sertoli cells was generally normal. Based on these observations, we transplanted EGFPexpressing GS cells into these recipient mice (1 3 10 6 cells per testis). Because BDF1 mice are histocompatible with the donor GERMLINE TRANSMISSION EFFICIENCY cells, they did not receive the anti-CD4 antibody in this experiment.
Fertility analysis revealed that the Bus44 mice produced donor-derived offspring with high efficiency (Table 2) . Unlike W5 recipients, all Bus44 mice produced donorderived offspring, although the timing of the first offspring production ranged from 76 to 111 days after transplantation (Fig. 5A ). In the most successful case, recipient Bus44-5 produced 63 offspring with a donor-derived transgene. In contrast to W recipients that cannot produce offspring from endogenous germ cells due to Kit mutations, all Bus44 recipients produced offspring from endogenous germ cells, and an average of 6.6% 6 3.1% of total litters did not contain a donor-derived transgene (n ¼ 7). However, 71.4% 6 5.8% of the offspring (93.4% 6 3.1% of total litters) were derived from donor cells (range 48.3% to 88.2%) (Fig. 5B) . Male and female transgenic offspring were born at comparable levels. The number and litter size of busulfan- KANATSU-SHINOHARA ET AL.
treated mice were comparable to those of W recipients. The frequency of EGFP þ mice somewhat varied during the course of mating, but we were not able to find specific patterns in the distribution of EGFP þ offspring (Fig. 5C ). All 
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recipients sired EGFP þ offspring by the end of the experimental period.
In addition, fertility was restored within 85 days after transplantation in all of the Bus22 mice (79.2 6 2.4 days), which was significantly faster than in Bus44 mice (99.4 6 4.9 days). The number and size of litters as well as the total number of offspring born to these mice were comparable to those of Bus44 mice. However, although three of the recipients produced EGFP þ progeny, each recipient sired only one male transgenic offspring. The overall efficiency of donor-derived offspring production was significantly lower in Bus22 mice (Fig. 5B) , showing approximately 100-fold higher efficiency in Bus44 mice (0.7% vs. 71.4% of total offspring). These results clearly indicate the superiority of Bus44 mice for producing donor-derived offspring.
When recipient mice were euthanized 6 mo after transplantation, macroscopically, Bus44 mouse testes showed extensive colonization of the donor cells (Fig. 5D) . Although Bus22 mouse testes also showed colonization of donor cells, this was limited compared with that in Bus44 mice. Because the testis weight in Bus22 mice was comparable to that in Bus44 mice (Fig. 5E) , this suggests that the total levels of spermatogenesis are similar between the two groups.
To examine the degree of donor cell colonization in a quantitative manner, we carried out immunohistochemistry of recipient testes using PNA (a marker of spermatocytes) and quantified the number of tubules with EGFP fluorescence (Fig.  5, F and G) . The proportion of tubules with EGFP fluorescence among PNA þ tubules was 10.2% 6 3.6% in Bus22 mice, whereas that in Bus44 mice was 89.8% 6 2.1%. These results suggest that the lower colonization efficiency of donor SSCs by endogenous SSCs was responsible for the reduced production of offspring from transplanted SSCs.
DISCUSSION
This study was initiated to evaluate the effectiveness of spermatogonial transplantation in fertility restoration. Spermatogonial transplantation has been widely used to study the biology of SSCs because this is the most reliable functional assay for SSCs. This technique is used to confirm and quantify SSCs in testes or in culture; however, the full developmental potential of SSCs must be demonstrated by offspring production. Although previous studies have shown the feasibility of offspring production by spermatogonial transplantation [8, [10] [11] [12] [13] [14] [15] [20] [21] [22] , the efficiency of fertility restoration is quite variable. For example, ;20 SSCs were able to produce progeny after cryopreservation [24] , while transplantation of enriched SSCs did not make any offspring. Because most of the successful experiments were based on transplantation into sexually immature mutant pup recipients, factors affecting the efficiency of offspring production as well as the usefulness of the spermatogonial transplantation technique in adults have not been analyzed in a systematic manner.
Obtaining a large number of SSCs is necessary for fertility experiments. Although the purity of SSC enrichment has been greatly increased in recent studies by the identification of several SSC markers [16] , significant numbers of SSCs are lost during the enrichment procedure. This is not surprising, 
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considering the multiple steps involved in the purification procedure. The only exception was for cryptorchid testes, in which SSCs were enriched efficiently in vivo [13] . However, the preparation of cryptorchid testes is time-consuming and the efficiency of germ cell loss greatly depends on the genetic background [25] . In this study, we used GS cell cultures to overcome this problem and examined the efficiency of two types of infertile adult recipients: congenitally infertile W mice and busulfan-treated mice, both of which have traditionally been used in spermatogonial transplantation experiments. The analysis of W mice provides a unique opportunity to investigate the fertility potential of SSCs in the absence of environmental damage. On the other hand, busulfan-treated mice allow us to study the effect of endogenous germ cells.
Our transplantation results clearly show the usefulness of adult W mice. Three of five recipient males sired offspring within 100 days after transplantation. Although W pups allow offspring production after 3 mo [10] , difficulties associated with the transplantation procedure and the unexpected loss of recipients during anesthesia/operation limit the application of this approach. In fact, not all recipients become fertile, even among pup recipients. In this context, spermatogonial transplantation can be carried out more easily in adult recipients in a reliable manner and the relatively high rate of successful germline transmission in the current study suggests that they can serve as a good model for fertility studies.
Our experiments showed that fertility restoration in adult recipients occurred in a reasonable time window, given the well-described time course of spermatogenic colony formation [26] . Donor cells initially form a chain or networks within 2 wk of colonization likely due to increased self-renewal. They then form two-dimensional colonies on the basement membrane around 1 mo posttransplantation. Although these colonies consist of spermatogonia at this time point, meiosis gradually begins in the center of colonies after this period, and some spermatids and sperm were found by the end of 2 mo. The degree of differentiation continued to increase thereafter, and normal appearing spermatogenesis was found by 3 mo after transplantation. Considering that the minimal time required for spermatozoa to transit through the epididymis is approximately 10 days [27] , the speed of fertility restoration found in this study is probably the best that could be achieved with adult recipients.
The most striking result in our study was the efficient production of offspring by busulfan-treated animals. This was unexpected because previous studies showed poor fertility of busulfan-treated adult recipients [8, 13, 28] . Although busulfan-treated animals were originally used to produce offspring from SSCs, several subsequent studies suggested that a reduction of busulfan dosage is necessary to conserve the testicular microenvironment of recipient animals [22, 29] . Indeed, it seems reasonable to speculate that busulfan induces damage to Sertoli cells or other somatic cells in the testis. Treatment with a reduced amount of busulfan is thought to maintain a small number of endogenous germ cells to prevent testicular failure [11, 28, 29] . In this study, however, we found that busulfan treatment did not significantly compromise the fertility of the host animals and these recipients produced a significant number of offspring. Surprisingly, one of the recipients produced offspring as early as 76 days after transplantation, which was apparently faster than expected. Because SSCs are thought to increase their number by preferentially undergoing self-renewal divisions soon after colonization [26] , we speculate that transplanting a large number of SSCs might have shorted this phase of colonization (i.e., preferential self-renewal divisions) and contributed to more rapid differentiation.
The amount of busulfan appears to be critical because donor-derived offspring were significantly fewer when we administered a half-dose of busulfan. This is probably due to limited SSC colonization efficiency because significantly fewer tubules were filled with donor germ cells after low-dose busulfan treatment, possibly due to competition between transplanted and endogenous SSCs for vacant niches [30] . On the other hand, the superiority of the busulfan-treated animals appears to contradict the observation that comparable levels of colonization were found in both W and busulfantreated mice. We speculate that it is probably not the number of colonized SSCs but rather the efficiency of spermatogenesis or sperm transport into the epididymis that is superior in busulfantreated mice. It is not surprising that sperm maturation takes more time in the W mouse environment which has not exposed to sperm during testis development. In fact, it was more difficult to collect sperm from epididymis from W recipients, and we could only make histological sections of epididymis. However, because comparable numbers of spermatozoa were found in both fertile and infertile W5 recipient mice, we suspect that fertility was also influenced by additional factors, such as mating pattern of recipient mice. These points need to be addressed in future experiments. KANATSU-SHINOHARA ET AL.
Because we could transplant more SSCs into busulfantreated testes due to their larger testis size, it is likely that more SSCs made colonies of germ cells in busulfan-treated mice and contributed to their more efficient fertility restoration. However, we cannot neglect the potential effect of endogenous SSCs in promoting fertility restoration in case of busulfan-treated mice. The importance of transplantation dosage was more clearly demonstrated in experiments using W mice. We obtained offspring most efficiently when we transplanted 4 3 10 5 cells. Assuming that 1) 10% of transplanted SSCs colonized the seminiferous tubules [26] and 2) 1%-2% of GS cells contained SSCs [16] , the successful production of 
offspring required the SSC numbers previously reported in WT testes [31, 32] . Although we were able to obtain offspring from a W4 recipient, they were obtained only after 137 days, and no offspring were obtained from W3 recipients. Therefore, it is practically useful to transplant at least 4 3 10 4 cells (approximately 40-80 SSCs) for fertility studies. This number is comparable to those reported in our previous studies, which showed the restoration of fertility in W mice by transplanting approximately 74.8-112.1 SSCs from cryptorchid mice [13] . Although we still do not know the exact relationship between spermatogenesis and sperm count after transplantation, these values also seem to agree with another study that showed that approximately 10% of sperm are required for fertility restoration after chemical castration [4] if we assume that the number of SSCs is proportional to sperm production. Therefore, the current system using GS cells and W mice should provide a reliable model to study the relationship between SSCs and fertility restoration and allow us to search for factors that influence this relationship.
At least three issues remain to be resolved to improve the utility of spermatogonial transplantation. First, we still do not know the effect of genetic background. We previously showed that SSCs in different genetic backgrounds exhibit significantly different self-renewal rates using the serial transplantation technique. For example, SSCs in a DBA/2 background proliferated significantly faster than those in a B6 background both in vivo and in vitro [15, 31] . Besides self-renewal division, the efficiency of spermatogenesis may also differ according to the genetic background. In fact, difference in radiation sensitivity of recovery of spermatogenesis was noted in rats [33] . Perhaps, similar difference may be found in mice after spermatogonial transplantation. Second, it is also necessary to develop other methods to prepare host animals. Although busulfan treatment has been commonly used for this purpose, the effect of irradiation or other chemical methods needs to be investigated [34] . This is particularly important in other species in which the administration of harmful chemicals needs to be restricted or genetically infertile animals are not available. Finally, it is important to establish procedures to obtain a sufficient number of donor cells. GS cells are useful for fertility restoration, but they have been derived from only a limited number of species [16] . Although cryptorchid testes or immature testes are used in mouse experiments, they are not readily available in other species. Thus, although fertility restoration could be reliably achieved in adult recipients in this study, these problems must be investigated before its application in other strains and animals.
Our assessment of fertility restoration showed that it occurred efficiently using spermatogonial transplantation and GS cells. Contrary to previous studies, offspring were more efficiently produced from busulfan-treated animals than from W mice. Busulfan-treated mice are more useful than W mice because they are readily prepared in different genetic backgrounds. Our functional assessment of fertility restoration provides an important step to explore the usefulness of spermatogonial transplantation in future fertility studies. Further evaluations and optimization of parameters should improve the technique and reveal additional factors that regulate male fertility.
